In a previous report we suggested that muscle fibers in distal myopathywith rimmedvacuoles (DMRV) were degraded by both lysosomal proteolysis (cathepsins) and Ca2+-dependent, nonlysosomal proteolysis (calpain). Given recent evidence of abnormal ubiquitin accumulation in rimmed vacuoles, we examined the role of the ATP-ubiquitin-dependent proteolytic pathway (proteasomes) in myofiber degradation in this myopathy. Immunohistochemically, proteasomes (26S) were located in the cytoplasm in normal human muscle, but the staining intensity was weak. Quantitative analysis showed more reactivity for proteasomes in DMRV muscles and, to a lesser extent, in muscles from muscular dystrophy, polymyositis, and amyotrophic lateral sclerosis patients. In DMRV, proteasomes often were located within or on the rim of rimmedvacuoles, and in the cytoplasm of atrophic fibers. Ubiquitin accumulation was marked within rimmedvacuoles and was seen less extensively in the cytoplasm of atrophic fibers. The latter proteins colocalized well. In other diseased muscles, proteasomes and ubiquitin showed a positive reaction in the atrophic or necrotic fibers. The results indicate increased proteasome and ubiquitin in these muscle fibers as well as in other diseased muscle fibers. Wesuggest that the ATP-ubiquitin-proteasome proteolytic pathway as well as the nonlysosomal calpain and the lysosomal proteolytic pathway may participate in the muscle fiber degradation in DMRV.
Introduction
In distal myopathy with rimmed vacuoles (DMRV),which may be inherited as an autosomal recessive trait, muscle fibers show numerous rimmed vacuoles with the properties of autophagosomes or autolysosomes (1) (2) (3) . Our previous ultrastructural and immunohistochemical studies of rimmed vacuole contents have revealed numerousdegenerating mitochondria, glycogen granules, and cell membrane fragments, and myofibrillar proteins such as myosin, oc-actinin, and actin (3).
Previous authors have found increased immunostaining for cathepsins B and L (lysosomal proteases), and calpain (a nonlysosomal intracellular calcium-dependent protease) in DMRV muscle fibers (3) (4) (5) . We therefore have speculated that the degenerative process in this myopathy progresses mainly through the lysosomal autophagic process and to some extent also via the calpain system (1, (3) (4) (5) .
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Recently someauthors have observed that rimmedvacuoles and some vacuole-free fibers in DMRV and inclusion body myositis contain abnormally high amounts of ubiquitin (6, 7) , a 76 amino acid intracellular protein present in all eukaryotic cells which targets abnormal or normal proteins for highly selective breakdown by an ATP-dependent pathway, and which also may be involved in modifying cellular proteins (8, 9) .
Recent evidence has indicated that the nonlysosomal ATPubiquitin-dependent proteolytic protease, as a multicatalytic protease complex (proteasome), participates in muscle wasting during various catabolic states (8) (9) (10) (11) (12) (13) (14) . Degradation ofa protein via this pathway involves two distinct steps: signaling by the covalent attachment of multiple ubiquitin molecules, followed by degradation of the targeted protein by an ATP-dependent protease, the 26S (1 ,500 kD) proteasome (14) , with the release of free, reutilizable ubiquitin. The proteasome is found in both the cytoplasm and nucleus of the muscle cell and maybe responsible for muscle* fiber degradation including breakdown has not been studied in normal and diseased humanmuscle, including muscle affected by DMRV. Quantitative analysis
The numberand diameter of strongly proteasome-positive fibers were counted in all muscle fibers of each muscle specimen, totaling 1,018 muscle fibers for all DMRVspecimens, using a Nikon Cosmozon ISA image analyzer (Nikon, Tokyo) attached to an NECPC-9801 vm computer (NEC, Tokyo). Differences between control and DMRV groups were evaluated Biotechnik GmBH(Heidelberg, Germany), respectively. Both antibodies crossreacted with their human antigens (7, 17) . Antiproteasomeantibody wasalso specific for its respective antigen as determined by Western blotting against crude humanmuscle extracts.
Results
Histologic, histochemical, and immunohistochemicai studies Our histologic and histochemical findings in DMRV muscles corresponded to previous reports (1) (2) (3) 18) . All muscles of DMRV showed mild to moderate accumulations of rimmed vacuoles, predominantly in the atrophic fibers. These occurred in 3.5 to 21.5% of 200 muscle fibers in each specimen of DMRV, without any evidence of inflammation such as cellular response (Table 1 ) (3). Other diseased muscles showed respective disease-specific pathologic changes but no rimmedvacuoles. The normal control muscles had a normal appearance and no rimmed vacuoles.
Immunohistochemicai findings for cathepsins B and L, and calpain were similar to those described elsewhere (3) . Most muscle fibers in normal control specimens showedlittle or no reaction for cathepsins B and L. In DMRV, cathepsins B and L were located inside or on the rim of rimmed vacuoles (Fig. 1A,  B) . Additionally, positive reactions for both cathepsins occasionally were found in the cytoplasm of atrophic fibers with rimmed vacuoles (Fig. 1C) . The immunoreaction for calpain was diffusely positive in the cytoplasm of normal specimens, but its intensity was weak ( Fig.  2A) . Increased staining ofcalpain was observed mainly in small atrophic fibers with rimmed vacuoles in DMRV muscles (Fig.  2B ). Occasionally the rim or the surrounding area of the rimmed vacuoles showed intense calpain staining (Fig. 2C) . The cytoplasm of normal control muscle exhibited only a faint immunohistochemicai reaction for proteasomes (Fig. 3A) . No difference was noted in the staining activity for proteasome between type 1 fibers and type 2 fibers. Generally, proteasome-positive fibers were more abundant in DMRV than in either normal control specimens or other diseased muscles (Fig. 3B) . Positive reactions for proteasomes varied in distribution; in some fibers with rimmed vacuoles, proteasomes were located within these vacuoles (Fig. 3C) . In others it appeared randomly in the cytoplasm, primarily in small atrophic fibers (Fig. 3B, E) . In specimens from patients with DMD/BMD, PM,or ALS, proteasome-positive fibers were observed more frequently than in normal controls. Proteasome-positive fibers in DMD/BMD muscle, but the intensity is weak (A). In DMRVmuscle, increased staining of calpain is found in muscle fibers, especially in small atrophic fibers with rimmed vacuoles (B). Occasionally the rim and area surrounding rimmedvacuoles showedintense calpain activity (small arrowheads; C). Bar = 50 |LUn.
and PMwere scattered randomly in the cytoplasm of necrotic fibers or atrophic fibers, while in ALSmuscles these fibers occasionally were atrophic (Fig. 4A-C) . Reactivity for ubiquitin also was positive occasionally inside or surrounding rimmedvacuoles, and to some extent also in the cytoplasm of atrophic fibers with or without vacuoles (Fig. 3D, F) . Immunoreactivity for proteasomes and ubiquitin colocalized well in DMRV (Fig. 3E, F) 
Discussion
Proteasomes , representing multicatalytic protease complexes , are believed to play a central role in the nonlysosomal ATPubiquitin-dependent proteolytic pathway for intracellular protein degradation (8) (9) (10) (11) (12) (13) (14) . At least two forms of proteasomes are known: a 26S complex responsible for ubiquitin-conjugate degradation and requiring ATP; and a 20S proteasome (700 kD) which represents the proteolytic core of the 26S proteasome (8) . Recent evidence has indicated that proteasomes may be involved in the breakdown of skeletal muscle myofibrillar proteins including actin and myosin, and in physiologic and pathologic conditions such as denervation, starvation, metabolic acidosis, cancer and sepsis (8-ll, 14, 20) . Significant elevation in enzyme activity, protein amount, or protease mRNA levels, as well as elevations of ubiquitinated proteins and ubiquitin, have been observed in those muscles (8, 10, 1 1, 14, 20) . To our knowledge, however, localization of proteasomes in normal and diseased humanmuscle has not been studied until now, although some animal studies have been reported (15) (16) (17) .
Proteasomes are distributed both in the cytoplasm and in the nuclei of skeletal muscle fibers in various species (15, 16) . In the present immunohistochemical study, their distribution in normal humanmuscleswas similar to that seen in animal muscle, although the intensity was very weak. No differences in staining activity for proteasomes were evident between type 1 and type change that may be responsible for intracellular proteolysis or muscle fiber degradation in this myopathy. In DMD/BMD, PM and ALS, proteasome-positive fibers were also observed more than in normal controls. Most of these fibers were atrophic or necrotic fibers; these results suggest that the up-regulation of proteasome is not disease specific, and the ubiquitin-proteasome system maybe involved in the muscle fiber degradation in other diseased muscles as well as DMRV muscles.
Like other tissues, muscle contains at least three different pathways for protein breakdown including the lysosomal, calcium-dependent, and ATP-ubiquitin-dependent proteolytic systems (8-ll, 14) . Both cathepsins B and L, involved in the lysosomal proteolytic pathway, were strongly positive inside and at the rim of rimmedvacuoles, and sometimeswere stained in the cytoplasmof small atrophic myofibers with or without vacuoles as well as in some fibers of normal size, as described previously (3) (4) (5) . Lysosomal proteases are considered to participate in muscle fiber degradation. Wepreviously reported that rimmed vacuoles have properties of autophagosomes or autolysosomes ( 1-3). Manyauthors have observed that rimmed vacuoles contain various intracellular organelles or proteins such as mitochondrial remnants, glycogen, cell membrane, tau, ubiquitin, cytochrome-c-oxidase, amyloid-p-protein, and others (6, 7). These organelles or proteins may be degraded through a lysosomal autophagic process in which cathepsins B and L are activated.
Calpain is also knownto be involved in myofibril or myofibrillar protein degradation, especially in the early stages, in normal (21) and in pathologic muscle, such as specimens involved by DMD/BMD (22, 23) , PM, or dermatomyositis (24) . The present immunohistochemical findings for calpain showed a strongly positive reaction mainly in atrophic fibers with or without rimmedvacuoles, in contrast to control muscle, suggesting an increase of calpain activity in these muscles (3). In our previous report, we hypothesized that the myofibrils as well as mitochondria, glycogen, or cell membranesin this myopathy were degraded finally through a lysosomal autophagic process. However, the breakdown of the myofibrils may be not initiated by lysosomal activation; rather it may be the result of Internal Medicine Vol. 37, No. 9 (September 1998) extralysosomal processes such as the calpain system (3). Thus our data indicate that proteasome activity as well as cathepsins and calpain may be increased in DMRV muscle, especially in atrophic fibers, and suggest that in this myopathy muscle fibers seem to be degraded by at least these three respective pathways. However, the proteasome system may not be involved in the initial steps of myofibril disassembly (25) , while nonlysosomal calpain maybe responsible for these early degradative steps in DMRV (21, 23) . Accumulationsof ubiquitin were observed inside and at the rim of rimmedvacuoles, and to someextent in the cytoplasm, of vacuolated or vacuole-free fibers. This protein often colocalized with proteasomes, suggesting increased activity of the ATP-ubiquitin-dependent proteolytic pathway in this myopathy (8-1 1, 14) . Proteins, including myofibrillar proteins, degraded by this proteolytic pathway are first conjugated to the ubiquitin. In ATP-dependent reactions, ubiquitin-conjugated proteins are degraded by the proteasomes (9) .
In DMRV, some authors have identified abnormal accumulations of prion protein and several proteins found in brains of patients with Alzheimer' s disease, such as (3-amyloid protein and (3-amyloid precursor protein, hyperphosphorylated tau, and arantichymotripsin, in addition to ubiquitin (6, 7) . Such accumulations, then, may not be disease-specific.
Strikingly, in the present work ubiquitin and proteasomes often were both present within or surrounding rimmed vacuoles. Most likely, these proteins are taken up into rimmedvacuoles by nonselective autophagy, suggesting that the most intracellular degradation of proteasomes and ubiquitin occurs in the lysosomal system (26) .
Our data clearly support the major involvement of the lysosomal proteolytic pathway in muscle fiber degradation in DMRV, as described previously (3) (4) (5) . However, concomitant activation of the nonlysosomal calpain and ATP-ubiquitinproteasome proteolytic systems seems to occur.
